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SUMMARY 


Multicellular organisms have multiple homologs of 
the yeast ATG8 gene, but the differential roles of 
these homologs in autophagy during development 
remain largely unknown. Here we investigated struc- 
ture/function relationships in the two C. elegans Atg8 
homologs, LGG-1 and LGG-2. Igg-7 is essential for 
degradation of protein aggregates, while /gg-2 has 
cargo-specific and developmental-stage-specific 
roles in aggregate degradation. Crystallography re- 
vealed that the N-terminal tails of LGG-1 and LGG-2 
adopt the closed and open form, respectively. 
LGG-1 and LGG-2 interact differentially with auto- 
phagy substrates and Atg proteins, many of which 
carry aLIR motif. LGG-1 and LGG-2 have structurally 
distinct substrate binding pockets that prefer 
different residues in the interacting LIR motif, thus 
influencing binding specificity. Lipidated LGG-1 and 
LGG-2 possess distinct membrane tethering and 
fusion activities, which may result from the N-termi- 
nal differences. Our study reveals the differential 
function of two ATG8 homologs in autophagy during 
C. elegans development. 


INTRODUCTION 


During macroautophagy (hereafter called autophagy), a portion 
of cytosol is engulfed by a double-membrane autophagosome 
and delivered to the lysosome for degradation (Nakatogawa 
et al., 2009; Feng et al., 2014). Upon autophagy induction, a 
cup-shaped isolation membrane (IM) (or phagophore) is nucle- 
ated, which expands and seals to form the autophagosome. Un- 
der stress conditions, autophagosomes non-selectively engulf 
cytoplasmic contents for degradation. Autophagosomes also 
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selectively remove damaged organelles and protein aggregates 
by tightly enwrapping the cargo and excluding other materials 
(Stolz et al., 2014; Rogov et al., 2014). The mechanisms by which 
cargos are selectively recognized and enclosed by autophago- 
somal membranes remain largely unknown. 

In yeast, about 18 autophagy-related (ATG) genes are essen- 
tial for autophagosome formation (Nakatogawa et al., 2009; 
Feng et al., 2014). ATG8 encodes a ubiquitin-like protein that is 
important for multiple steps in autophagy. Atg8 is conjugated 
to phosphatidylethanolamine (PE) by the enzymes Atg7 and 
Atg3. Atg8-PE regulates IM expansion and autophagosome 
closure, most likely through its membrane tethering and fusion 
activity (Nakatogawa et al., 2007; Weidberg et al., 2011). Atg8 
on the outer autophagosomal membrane interacts with the 
Rab effectors FYCO1 and PLEKHM1 to facilitate autophago- 
some transport and fusion with lysosomes (Birgisdottir et al., 
2013; McEwan et al., 2015). Atg8 recruits the Atg1/ULK1 com- 
plex to the IM to promote autophagosome formation (Birgisdottir 
et al., 2013). In selective autophagy, Atg8-PE on the concave 
face of the IM interacts with autophagy receptor proteins (e.g., 
p62 and NBR1), which recognize different types of cargo for 
degradation (Stolz et al., 2014). Atg8/LC3 (the mammalian Atg8 
homolog) interacts with proteins via the [W/F/Y]xx[I/L/V] motif, 
known as the Atg8-family interacting motif (AIM)/LC3-interacting 
region (LIR). In Atg8 family members, two hydrophobic binding 
pockets termed the “W-site” and “L-site,” recognize the aro- 
matic and [I/L/V] residues in the LIR motif, respectively (Noda 
et al., 2010; Birgisdottir et al., 2013; Wild et al., 2014). 

At least seven Atg8 homologs, belonging to the LC3 and 
GABARAP/GATE-16 subfamilies, associate with autophagoso- 
mal structures in mammals. LC3 and GATE-16 have membrane 
tethering and fusion activity and are involved in the elongation of 
IMs and closure of autophagosomes, respectively (Weidberg 
et al., 2010). Different Atg8 homologs bind to distinct autophagy 
receptors to provide specificity for cargo recruitment. For 
example, LC3C, but not LC3A or LC3B, recognizes a noncanon- 
ical LIR in the receptor NDP52 during anti-bacterial autophagy 
(von Muhlinen et al., 2012). The differential function of distinct 


® CrossMark 


Table 1. Data Collection and Refinement Statistics 


Ligands WEEL Peptide UNC-51 LIR Peptide 
Data statistics 

Beamline NW12A BL32XU 
Wavelength (A) 1.0000 1.0000 
Space group P24242 C222, 

Cell parameters a (A) 95.3 63.7 

Cell parameters b (A) 112.4 80.1 

Cell parameters c (A) 35.9 aes 

Cell parameters ß (°) 

Resolution range A 29.4-1.60 55.8-1.80 
Outer range (A) 1.63-1.60 1.83-1.80 
Observed reflections 369,791 179,541 
Unique reflections 51,705 26,489 
Completeness (%) 99.9 (100.0) 99.9 (100.0) 
Rmerge (I) 0.067 (0.463) 0.088 (0.878) 
<I/o(I)> 24.7 (6.3) 18.1 (3.0) 
Refinement statistics 

Resolution range (A) 29.41-1.60 55.75-1.81 
No. of protein atoms 2,099 2,117 

No. of sulfate groups 1 

No. of ions Cdaxis Cd” x 14 
No. of water 411 107 

R / Rree 0.201/0.218 0.212/0.246 
Rmsd bond length (A) 0.006 0.008 
Rmsd bond angle (°) 1.2 12 


LGG-1 


LGG-1 


Values in parentheses refer to the outer shell. 


Atg8 homologs during animal development, however, remains 
largely unexplored. 

During C. elegans development, autophagy selectively re- 
moves superfluous organelles and protein substrates (Yang 
and Zhang, 2014). Several different protein aggregates, 
including the p62 homolog SQST-1 and PGL granule compo- 
nents (PGL-1/-3 and SEPA-1), are degraded by autophagy, a 
process known as aggrephagy (Zhang et al., 2009; Tian et al., 
2010). Scaffold proteins are important for conferring cargo 
selectivity and promoting degradation by linking cargo/receptor 
complexes with autophagic structures (Lin et al., 2013). The 
scaffold protein EPG-7 links SQST-1 aggregates with LGG-1 
(the C. elegans Atg8 homolog) structures (Lin et al., 2013). 
Igg-1 is essential for aggrephagy and other autophagy-regu- 
lated processes (Tian et al., 2010). Igg-2, which encodes 
another Atg8 homolog, acts non-redundantly with /gg-7 in 
removal of paternally inherited mitochondria in embryos by 
regulating autophagosome maturation (Manil-Ségalen et al., 
2014). In this study, we show that /gg-2 has cargo-specific 
and developmental-stage-specific functions in aggrephagy. 
The structural differences in the substrate binding regions 
and the N-termini of LGG-1 and LGG-2 provide insights into 
the differential function of two ATG8 homologs in autophagy 
during C. elegans development. 


LGG-2 LGG-2 

LGG-2 WEEL Peptide EEEWEEL Fusion 

BL19U BL19U BL32XU 

0.9785 0.9785 1.0000 

C2 P2, P2421421 

123.2 49.9 35.5 

24.6 62.4 55.2 

94.8 67.6 72.6 

130.3 109.5 

40.0-2.10 50.0-1.80 43.9-2.20 

2.18-2.10 1.83-1.80 2.24-2.20 

12,543 36,467 136,004 

2,459 5,363 7,374 

95.7(98.2) 99.0(100.0) 98.3 (85.9) 

0.055(0.270) 0.103(0.462) 0.104 (0.708) 

24.3(5.1) 18.1(4.1) 29.3 (4.5) 

28.3-2.10 47.07-1.80 43.94-2.30 

1,865 3,986 1,038 

- - Mg?* x 1 

94 471 35 

0.219/0.267 0.177/0.241 0.236/0.288 

0.009 0.008 0.008 

1.2 1.1 1.2 
RESULTS 


Crystal Structures of LGG-1 and LGG-2 

We determined the structures of LGG-1 and LGG-2 by crystal- 
lography. LGG-1 was crystallized with a typical AIM/LIR motif, 
Trp-Glu-Glu-Leu (WEEL) (Noda et al., 2010). The structure was 
determined at 1.6 Å resolution (Table 1). The N-terminal 15 res- 
idues of LGG-2, which are not conserved in other Atg8 mem- 
bers and are dispensable for LGG-2 function (see below), 
were predicted to be intrinsically disordered and thus were 
truncated for crystallization. The crystal structures of LGG-2 
and LGG-2 in complex with the WEEL peptide were refined 
to 2.1 Å and 1.8 Å, respectively (Table 1). Both LGG-1 and 
LGG-2 exhibit a typical Atg8-family fold, consisting of two 
N-terminal a-helixes (a1, «2) followed by a ubiquitin fold 
composed of a four-stranded p sheet and two a-helixes (Fig- 
ures 1A, 1B, S1A, and S1B). 


The Structures of LGG-1 and LGG-2 Differ in the 
N-Termini 

The overall structures of LGG-1 and LGG-2 resemble each other 
with a RMSD of 1.0 A for 99 Ca atoms (Figure S1C). Comparison 
of the apo- and peptide-bound states of LGG-2 indicates that 
peptide binding induces no significant conformational changes 
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LC3A (3WAL) 
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LC3C (3WAM) C-terminal tail 


Electrostatic potential 


Figure 1. Crystal Structures of LGG-1 and 
LGG-2 

(A) Overall structure of LGG-1. (Left) ribbon model 
of LGG-1. N, N terminus; C, C terminus. (Middle) 
surface model of LGG-1. Pink residues are 
conserved in the GABARAP family but not the LC3 
family. (Right) electrostatic potential representa- 
tion of LGG-1. Red, negative charges; blue, posi- 
tive charges. The three figures are in the same 
orientation. The bound WEEL peptide is shown as 
a stick model, in which C, N, and O atoms are 
colored yellow, blue, and red, respectively. All 
structural figures were prepared using PyMOL 
(Delano, 2002). 

(B) Overall structure of LGG-2, displayed as in (A). 
Cyan residues in the middle figure are conserved in 
the LC3 family but not the GABARAP family. 

(C) Overlay of the main-chain traces of seven Atg8- 
family proteins. Superimposition was performed 
by secondary structure matching in the program 
COOT. PDB codes are in parentheses. 

(D) N-terminal tails of LGG-1 and the GABARAP 
family. The side-chain of Met1, the aromatic res- 
idue at position 3, and Ala108 are shown as stick 
models. Residues are numbered according to 
LGG-1. 

(E) N-terminal tails of LGG-2 and the LC3 family. 
The side-chain of the Val/Thr residue at the posi- 
tion equivalent to Ala108 in LGG-1 is shown as a 
stick model. Residues are numbered according to 
LGG-2. 

(F) The WEEL peptide and the interacting side- 
chains of LGG-1 are shown as stick models. 
Broken lines indicate possible hydrophilic in- 
teractions. Coloring is as in Figure 1A. 

(G) LGG-2/WEEL peptide interactions. 

(H) Arg26-mediated interactions in LGG-2. Arg26 
and its interacting residues (Arg21, Pro22, and 
Asp116) are shown as stick models. Possible hy- 
drophilic interactions are shown with broken lines. 
See also Figure S1 and Table 1. 


G 


(Figure S1D). The peptide-bound structure of LGG-2 was used 
for further analysis due to its higher quality. Structural differences 
are mainly located at the N- and C-terminal tails. Superimposi- 
tion of the structures of LGG-1 and LGG-2 with those of other 
Atg8 members showed that the C-terminal tail is intrinsically flex- 
ible and divergent (Figure 1C). In the N terminus of LGG-1 and 
GABARAP family proteins, Met1 and the aromatic residue at po- 
sition 3 (Trp in LGG-1) form hydrophobic interactions with Ala108 
in the ubiquitin fold, creating a rigid N-terminal conformation 
known as the closed form (C-form) (Figures 1D, S1E, and S1F). 
Transgenes expressing mutant /gg-7, with a Trp3 to Gly mutation 
(W3G) and/or an Ala108 to Val mutation (A108V), showed greatly 
reduced activity in rescuing the defective degradation of protein 


substrates in /gg-1(bp500) mutants (Fig- 
ures 2A-2D, S1G, and S1H), indicating 
that the closed N-terminal configuration 
is essential for /gg-1 function. The 
N-termini of LGG-2 and the LC3 family 
adopt the open form (O-form), which is 
detached from the ubiquitin fold (Figures 1E, Sil, and S1J). 
The N-terminal region is often not modeled due to poor electron 
density. All the LGG-1 and LGG-2 N-terminal structures deter- 
mined in this study are in the C-form and O-form, respectively 
(Figures S1E and S11); thus, their N-terminal conformational dif- 
ference is not due to crystal packing artifacts. 


Structural Basis of Canonical LIR Recognition by LGG-1 
and LGG-2 

As Atg8-family proteins, LGG-1 and LGG-2 have the W-site and 
the L-site. In LGG-1, the W-site is composed of Glu17, lle21, 
Pro30, lle32, Lys48, Leu50, and Phe104, while the L-site is 
composed of Tyr49, Val51, Pro52, Leu55, Phe60, Leu63, and 
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Figure 2. Igg-2 Plays a Cargo-Specific and Developmental-Stage-Specific Role in Autophagy 

(A) Sequence alignment of Atg8 homologs. Residues conserved in LGG-1 and GABARAP-family proteins are colored red. Residues conserved in LGG-2 and the 
LC3 family members are colored cyan. Secondary structure elements are shown at the top. 

(B) SEPA-1::GFP aggregates accumulate in comma stage embryos in /gg-7 mutants but not wild-type ( ). 

(C and D) SEPA-1::GFP aggregates in /gg-1 mutants expressing wild-type LGG-1 (C) and mutant LGG-1(W3G, A108V) (D). 

(E) Colocalization of SEPA-1 aggregates with LGG-1 puncta in wild-type and /gg-1(bp523) embryos at the 64- to 100-cell stage. 

(F and G) LGG-1 puncta and SEPA-1 aggregates largely colocalize in wild-type embryos but are separable in /gg-1(bp523) mutants. Insets show a magnified view. 


(legend continued on next page) 
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Arg67 (Figure 1F). In LGG-2, the W-site is composed of Ile33, 
Pro42, Lys61, Leu63, and Phe118, while the L-site is composed 
of Phe62, Val64, Ile68, Leu73, lle76, and Arg80 (Figure 1G). In 
LGG-1/WEEL and LGG-2/WEEL complexes, the WEEL peptide 
has an extended conformation and forms an intermolecular 
B sheet with B2 of LGG-1/2 (Figure S1K). Trp and Leu of the 
WEEL peptide bind to the W-site and L-site, respectively. The 
two glutamates in WEEL (E,, and E,». in Figures 1F and 1G) 
form ionic interactions with Arg67 and Arg28 in LGG-1 and 
Arg80 and Lys40 in LGG-2, respectively. /gg-1(6523), a mutant 
identified in genetic screens for defective degradation of protein 
aggregates (Figures S1L-S1N), contains an Arg28 to Cys muta- 
tion (Figure 2A). This mutation does not affect lipidation of LGG-1 
or temporal formation of LGG-1 puncta (Figure S10). However, 
SEPA-1 and SQST-1 aggregates are separable from LGG-1 
puncta in /gg-1(bp523) embryos (Figures 2E-2G, S1P, and 
S1Q). Thus, the interaction mediated by Arg28 is essential for 
degradation of autophagy substrates. 


Igg-2 Plays a Cargo-Specific and Developmental-Stage- 
Specific Role in Autophagy 

Two mutant alleles of Igg-2, bp556 and bp595, were identified in 
genetic screens for mutants with defective degradation of 
SQST-1 aggregates during embryogenesis (Figures 2H-2K and 
S2A). Degradation of PGL granules in somatic cells, including 
PGL-1/-3 (cargo), SEPA-1 (receptor), and EPG-2 (scaffold), 
was also defective in /gg-2 mutant embryos (Figures S2B- 
S2H). 60556 contains an Arg to Cys mutation at amino acid 26 
(Figure 2A). Arg26 in LGG-2 forms hydrophilic interactions with 
the main-chain of Arg21, located between «1 and «2, and the 
side-chain of Asp116, located in the ubiquitin fold, thus contrib- 
uting to the correct positioning of «2 relative to the ubiquitin fold 
(Figure 1H). These interactions were abolished by the R26C mu- 
tation in LGG-2(bp556). Arg26 and Asp116 are conserved in all 
Atg8 family members (Figure 2A). LGG-2 with the mutation 
R26A or D116A failed to rescue the autophagy defect in /gg-2 
mutants (Figures 2L and 2M). The corresponding mutations in 
LGG-1, R14A and D102A, also disrupted /gg-7 function (Fig- 
ure S2l). The deletion allele of Igg-2, tm6474, which creates an 
early stop codon and is a putative genetic null, was used in 
this study. 

In Igg-2 mutants, accumulation of SQST-1 aggregates before 
the ~200-cell stage was similar to that in /gg-7 mutants (Figures 
2H-2K and 2N). However, the number of SQST-1 aggregates at 
the comma stage and onward, and levels of SQST-1 in extracts 
of late embryos, were lower than in /gg-7 mutants (Figures 2N, 


20, and S2J). The number of SQST-1 aggregates in /gg-1(RNAi) 
mutants was not further increased by simultaneous /gg-2 deple- 
tion (Figure 2N). At larval stages, a large number of SQST-1::GFP 
aggregates persisted in multiple tissues in /gg-1 mutants 
throughout development (Figures 2Q and 28S). In /gg-2 mutants, 
SQST-1::GFP aggregates accumulated in many tissues in L1 
larvae but rapidly disappeared at the L2 larval stage and onward 
(Figures 2R and 21). The intestinal reporter sqst-1::gfp formed 
numerous aggregates in /gg-7 mutant intestine, but not in /Igg-2 
larval intestine (Figure S2K). Therefore, /gg-2 is differentially 
required for SQST-1 degradation at different developmental 
stages. In contrast to SQST-1, accumulation of PGL granules 
and EPG-2 aggregates exhibited no evident difference at late em- 
bryonic stages in/gg-2 and /gg-1 mutants (Figures S2B and S2C). 

The scaffold protein EPG-7, which mediates SQST-1 degra- 
dation, is also removed by autophagy (Lin et al., 2013). EPG-7 
aggregates accumulate dramatically and persist throughout 
embryogenesis in autophagy mutants (Figures 2U-2W) (Lin 
et al., 2013). In Igg-2 mutants, EPG-7 accumulated in 100-cell 
stage embryos but disappeared at the 200-cell stage onward 
as development proceeded (Figures 2P, 2X, and S2L). Thus, 
Igg-2 acts in a cargo-specific manner in aggrephagy. 

The role of epg-7 in degradation of SQST-1 is distinct at 
different embryonic stages. Compared to other autophagy mu- 
tants, epg-7 mutants accumulate fewer SQST-1 aggregates prior 
to the ~100-cell stage. The number of SQST-1 aggregates in 
epg-7 mutants is similar to other autophagy mutants at the 
~200 stage and onward (Lin et al., 2013), but the fluorescence in- 
tensity of SQST-1 aggregates was weaker (Figure 3A). The inten- 
sity of SQST-1 aggregates and levels of SQST-1 in Igg-2; epg-7 
double mutants at late embryonic stages, however, reached a 
level comparable to that in /gg-7 mutants (Figures 3B-3H). At 
larval stages, small and weak SQST-1 aggregates accumulated 
in epg-7 single mutants (Figure 3I) but were more numerous 
and more intense in /gg-2; epg-7 double mutants (Figure 3J). 
Thus, /gg-2 functions in parallel to EPG-7 to promote degradation 
of SQST-1 aggregates at late embryonic and larval stages. 


Igg-2 and Igg-1 Act at Distinct Genetic Steps in the 
Aggrephagy Pathway 

Based on a series of genetic phenotypes (including the forma- 
tion, morphology and distribution of protein aggregates, LGG-1 
puncta, and ATG-9::GFP puncta), autophagy genes have been 
placed in a hierarchical order in the aggrephagy pathway (Lu 
et al., 2011). Lipidation of LGG-1 act at the most upstream 
step (Lu et al., 2011). In /gg-2 mutants, SQST-1 aggregates 


(H-K) Compared to wild-type embryos (I), a large number of SQST-1 aggregates accumulate in /gg-7 (J) and Igg-2 (K) embryos at the ~200-cell stage. (H) DAPI 


image of (I). 


(L and M) Numerous SQST-1::GFP aggregates accumulate in /gg-2 mutants expressing /gg-2(R26A) (L) or Igg-2(D116A) (M). 

(N) Number of SQST-1 aggregates per focal plane in various genetic backgrounds at different embryonic stages. Mean + SD of at least three confocal images for 
each genotype at the same stage are shown in ([N] and [P], Figures 3A, 3M, and 6R). *p < 0.05, **p < 0.01, and ***p < 0.001; ns, no significant difference. 

(O) SQST-1::GFP levels in late-stage wild-type, /gg-7 mutant, and /gg-2 mutant embryos. 


(P) Number of EPG-7 aggregates per focal plane in /gg-7 and /gg-2 mutants. 


(Q-T) SQST-1::GFP aggregates accumulate in multiple tissues in /gg-7 ([Q] and [S]) and /gg-2 (R) mutants in L1 larvae, but largely disappear in /gg-2 mutants (T) at 


the L2 larval stage except in neurons in the head region. 


(U-X) Endogenous EPG-7 is very weakly expressed in wild-type (V) and /gg-2 mutants (X), but accumulates into aggregates in /gg-7 mutants (W) at the comma 
embryonic stage. Scale bars: ([B]-[D], [F]-[M], and [U]-[X]) 5 um; ([Q]-[T]) 20 um; (insets) 2.5 um. 


See also Figure S2. 
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Figure 3. Igg-2 and Igg-1 Act at Distinct Genetic Steps in the Aggrephagy Pathway 
(A) Total fluorescence intensity of SQST-1 per focal plane in various mutants. 
(B) SQST-1::GFP levels in late stage embryos of various mutants. The amount of SQST-1 divided by actin in epg-7 mutants is set as 1. 
(C-H) Compared to single mutants ([E] and [F]), comma stage /gg-2; epg-7 mutants (G) accumulate numerous SQST1::GFP aggregates, similar to /gg-7 mutants 
(H). (C) DIC image of (D). 
(l and J) At larval stages, more SQST-1::GFP aggregates are formed in Igg-2; epg-7 (J) than epg-7 single mutants (I). 
(K) SEPA-1 and SQST-1 aggregates are largely separable in /gg-2 mutants. 
(L) LGG-1 levels in autophagy mutants. 
(M) Number of LGG-1 puncta in wild-type and /gg-2 embryos. 
(N) LGG-1 puncta largely colocalize with SEPA-1 aggregates at the ~64-cell stage in /gg-2 mutants. 
(legend continued on next page) 
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and PGL granules were spherical in shape, dispersed in the cyto- 
plasm, and largely separable (Figure 3K). Levels of LGG-1-II (lipi- 
dated LGG-1) remained unchanged, while the unlipidated form 
was decreased compared to wild-type animals (Figure 3L). 
lgg-2 mutants exhibited a wild-type pattern of LGG-1 puncta for- 
mation (Figure 3M). LGG-1 puncta colocalized with SEPA-1 at 
the ~64-cell stage in /gg-2 mutants (Figure 3N). Formation and 
colocalization of enlarged clusters of SEPA-1, SQST-1 aggre- 
gates, and ATG-9::GFP structures in epog-4 and epg-6 mutants 
was disrupted by loss of function of /gg-7, but not by /gg-2 deple- 
tion (Figures 30-3R and S2M-S2P). Partial colocalization of 
SQST-1 aggregates with NUC-1::Cherry-labeled lysosomes in 
epg-5 mutants was disrupted by simultaneous loss of Igg-2 func- 
tion (Figures S2Q-S2T). LGG-3 puncta were barely detected in 
wild-type embryos (Figures 3S and 3T). In /gg-2 mutants, 
LGG-3 formed a large number of small spherical structures (Fig- 
ure 3U), which associated with or localized closely with LGG-1 
puncta (Figure S3A). Igg-1, atg-5, epg-9, and epg-6 mutants or 
their double mutants with /gg-2 showed no accumulation of 
LGG-3 puncta (Figures 3V and S3B-S3E). LGG-3 puncta also 
accumulated and colocalized with LGG-1 in epg-5 mutants (Fig- 
ures S3F and S3G). Thus, /gg-2 acts downstream of epg-4 and 
epg-6, but upstream of epg-5, in the aggrephagy pathway. 


LGG-1 and LGG-2 Interact Differentially with Autophagy 
Substrates 
LGG-1 directly binds to SQST-1 and SEPA-1 (Zhang et al., 2009; 
Lin et al., 2013). LGG-2 was co-immunoprecipitated by SEPA-1 
and SQST-1 from extracts of embryos expressing GFP::LGG-2 
(Figures 4A and S3H). Higher levels of GFP::LGG-2 than 
GFP::LGG-1 were co-precipitated by SEPA-1 and SQST-1 (Fig- 
ures 4A-4C, S3H, and S3l). SQST-1 contains multiple LGG-1 
binding sites (Lin et al., 2013). In vitro GST pull-down assays 
showed that LGG-1 and LGG-2 bound to SQST-1 (418-499) (Fig- 
ure 4D). LGG-1 also bound to SQST-1(640-630), but this was 
abolished by LGG-1(bp523) (Figures S3J and S3K). Multiple 
SEPA-1 fragments bound to LGG-1 and/or LGG-2 (Figure S3L). 
We further examined the interaction of LGG-1 and LGG-2 with 
EPG-7 and EPG-2. In vivo co-immunoprecipitation assays re- 
vealed that GFP::LGG-1 bound to EPG-7 (Figures 4E and 4G), 
while GFP::LGG-2 failed to be precipitated (Figure 4F). Both 
LGG-1-l and LGG-1-Il were precipitated with anti-EPG-7 (Fig- 
ure S3M). In pull-down assays, EPG-7 bound strongly to 
LGG-1 but weakly to LGG-1(bp523) (Figures 4H and S3N). 
LGG-2 did not bind to EPG-7 (Figure 4H). EPG-2 bound strongly 
to LGG-1 and weakly to LGG-2 (Figure S30). 


LGG-1 and LGG-2 Interact Differentially with the UNC- 
51/EPG-1 Complex and the LGG-3-ATG-5/ATG-16 
Complex 

The interaction of Atg8 with the Atg1/ULK1 complex (mediated 
preferentially by GABARAP family members in mammalian cells) 


and with the Atg12/Atg5/Atg16 complex is essential for auto- 
phagy (Birgisdottir et al., 2013; Kaufmann et al., 2014). Anti- 
LGG-1 precipitated EPG-1/Atg13 from extracts of embryos 
expressing EPG-1::GFP (Figure 4I). Pull-down assays showed 
that LGG-1, but not LGG-2, strongly interacted with EPG-1 (Fig- 
ure 4J). EPG-1::GFP was also precipitated by anti-LGG-1 in ex- 
tracts of atg-3 mutant embryos, suggesting that lipidation of 
LGG-1 is not essential for EPG-1 binding (Figure S3P). UNC-51 
also directly interacted with LGG-1, but not LGG-2 (Figure 4K). 
UNC-51 binding was impaired by the LGG-1(bp523) mutation 
(Figure S3Q). Thus, components of the UNC-51/EPG-1 complex 
preferentially interact with LGG-1. 

In vitro pull-down assays showed that LGG-3 bound to 
LGG-2, but not LGG-1 (Figure 4L). Consistent with this, 
GFP::LGG-2, but not GFP::LGG-1, was co-precipitated by 
anti-LGG-3 from embryonic extracts, and less LGG-2 was 
precipitated when atg-5 mutant embryonic extracts were 
used (Figures S3R-S3T). LGG-2 was still co-precipitated by 
anti-LGG-3 from atg-3 mutant embryonic extracts (Figure S3U). 
LGG-2, but not LGG-1, also exhibited strong binding to ATG- 
16.1 and ATG-16.2 (Figure S3V), and this was delineated to 
the fifth and sixth WD repeat (Figure S3W). Therefore, 
LGG-2, but not LGG-1, directly interacts with the LGG-3/ 
ATG-5/ATG-16 complex. 


LGG-1 and LGG-2 Bind to Interacting Proteins in LIR- 
Dependent and -Independent Manners 

Atg8 family members bind to substrates via the X-3X-2X-1 
[W/F/Y]oX..4X+2[I/L/V]..3 motif. By delineating the interacting frag- 
ments, searching for putative LIRs (iLIR Web resource, Kalvari 
et al., 2014) and mutating individual amino acids, we determined 
the interaction motifs in several proteins that bind to LGG-1 and 
LGG-2. SQST-1(470-499) bound to LGG-1 and LGG-2 (Figures 
5A and S4A). Two candidate LIRs,*?'DFVLYDLYG, are present 
in this fragment. Mutating individual residues in this region re- 
vealed that *°'’DFVL and *°°D were crucial for LGG-1 binding, 
while 91D and 4°°YDLY were important for LGG-2 binding (Fig- 
ures 5A and S4B). The ©**FSDV LIR motif was responsible for 
binding of SQST-1(610-630) to LGG-1 (Figure 5B). Mutating 
the aromatic and other residues in the LIR motifs of SEPA-1 
(101-156, '°’FVEV), SEPA-1(243-288, 74’FQKI), SEPA-1(289- 
328, °°°FGFV), and SEPA-1(450-480, *©°YQEL) greatly impaired 
or abolished binding with LGG-1 and/or LGG-2 (Figures 5C and 
S4C-S4E). Binding of EPG-7(852-1142) to LGG-1 was mediated 
by the LIR motif 1°'°YRDV (Figure S4F). The binding of EPG-2 
(1-250) and EPG-2(676-690) with LGG-1 was reduced by 
mutating the LIR motif in each fragment ('YSTL and 
S84WEMV) (Figures S4G and S4H). The mutations F358A and 
F360A in the °°®FTFL motif dramatically blocked the binding of 
UNC-51 to LGG-1, while the L361A mutation had a less severe 
effect (Figure 5D). Two candidate LIR motifs are present in 
LGG-3 (Figure S4l). The mutations F90A, E91K, and L93A in 


(O-R) SEPA-1 and SQST-1 aggregates form enlarged clusters and colocalize in epg-4 mutants (P) and epg-4; Igg-2 double mutants (R) but are spherical and 


separable in /gg-1; epg-4 mutants (Q). 


(S-V) Compared to wild-type (T) and /gg-7 mutants (V), LGG-3 forms numerous spherical puncta in /gg-2 mutants (U) at the ~100-cell stage. ([O] and [S]) DAPI 
images of the embryos in (P) and (T). Scale bars: ((C]-[H], [K], [N]J-[V]) 5 um; ({I] and [J]) 20 um; (insets) 2.5 jum. 


See also Figures S2 and S3. 
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Figure 4. LGG-1 and LGG-2 Interact Differentially with Autophagy Substrates and ATG Proteins 

(A-C) GFP::LGG-2 (A) and GFP::LGG-1 (B) are precipitated by anti-SQST-1 from embryonic extracts in a colP assay. Relative levels of precipitated proteins are 
shown in (C). Levels of GFP::LGG-1, GFP::LGG-2, and actin in extracts serve as loading controls. 

(D) LGG-1 and LGG-2 directly interact with the SQST-1(418-499) fragment. Lower panel: protein levels used in the assay. 

(E-G) In a colP assay using embryonic extracts, GFP::LGG-1 (E) but not GFP::LGG-2 (F) are precipitated by anti-EPG-7. Relative levels of LGG-1 precipitated are 


shown in (G). 


(J) LGG-1 and LGG-1(G116), but not LGG-2, interact strongly with EPG-1. 
(K) LGG-1 but not LGG-2 interacts with UNC-51(352-366). 

(L) LGG-2 but not LGG-1 directly interacts with LGG-3 in a pull-down assay. 
See also Figure S3. 


°°FETL strongly blocked binding to LGG-2 (Figure 5E). The Asp 
preceding the LIRs in SEPA-1 ('°DCFVEV and *4°DFQK)), 
UNC-51 (°°’DFTFL), and LGG-3 (°’DTTFETL) was also important 
for binding (Figures 5C-5E and S4D). The LIR motifs in the LGG-1 
interacting protein AIN-1 also mediated its binding to LGG-1 
and/or LGG-2 (Figure S4J). Thus, LGG-1 and LGG-2 interact 
with proteins via the LIR motif. Analysis of 11 LGG-1-binding 
LIR motifs revealed that LGG-1 binds to “W,” “F,” and “Y” 
type LIRs. LGG-2 prefers Phe as the aromatic residue (4/5 LIR 
motifs) and Asp and Thr in the positions preceding the aro- 
matic residue (Figure 5F). The 6 LIRs that bind LGG-1 but not 


H) In a pull-down assay, LGG-1 but not LGG-2 interacts with EPG-7(852-1142). 
I) In a colP assay using embryonic extracts, EPG-1::GFP is precipitated by anti-LGG-1. 


LGG-2 prefer acidic residues (Asp or Glu) at the “+2” position 
(Figure S4k). 

We next investigated how the LIR sequence determines the 
binding specificity for LGG-1 and LGG-2. LGG-3(87-101) binds 
only to LGG-2, but when °°FETL was replaced with the LGG-1/ 
LGG-2-binding motif FVEV found in SEPA-1, the fragment bound 
strongly to LGG-1 (Figure 5G). The L93V mutation in °°FETL was 
essential for LGG-1 binding, which was further enhanced by mu- 
tations in E and T at the “+1” and “+2” positions. The L93V mu- 
tation, however, greatly reduced binding to LGG-2 (Figure 5G). 
SQST-1(610-630) bound to LGG-1 but not LGG-2 (Figure 5H). 
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Mutating ©°*FSDV to ©4FVDV enabled interaction with LGG-2 
(Figure 5H). Replacement of °°*WEMV in EPG-2(676-690) with 
FVEV, however, abolished binding to LGG-1 and did not enable 
binding to LGG-2 (Figure S4L). Thus, both the core sequence 
and surrounding residues of LIR confer binding specificity for 
LGG-1 or LGG-2. 

LGG-1 and LGG-2 also bind to substrates independent of the 
canonical LIR motif. The last 14 amino acids of ATG-7, which 
contains no canonical LIR motif, mediated its binding to LGG-1 
and LGG-2 (Figure S4M). Mutating the LIR motifs in EPG-1 and 
ATG-16.2 did not affect their binding to LGG-1 (Figures S4N 
and S40). 


Structural Basis for the Binding Specificity of LGG-1 and 
LGG-2 

To establish the structural basis of the binding specificity of 
LGG-1 and LGG-2, we determined the crystal structures of the 
LGG-I-UNC-51 LIR @°°TDFTFL) complex and EEEWEEL-fused 
LGG-2 at resolutions of 1.8 and 2.3 A, respectively (Table 1). 
The N-terminal conformations are C-form and O-form, respec- 
tively (Figures S5A and S5B). *°8Phe and *®'Leu from the 
UNC-51 LIR (FTFL) bind to the W-site and L-site, respectively, 
similar to the WEEL peptide (Figures 51 and S5C). Compared to 
Phe104 in LGG-1 bound to FTFL, the benzene ring of Phe104 
in LGG-1 bound to WEEL is rotated ~45° to avoid the Trp of 
the WEEL peptide (Figure 5J). However, in WEEL-bound 
LGG-2, the benzene ring of Phe118 (equivalent to Phe104 
in LGG-1) has a conformation similar to Phe104 in FTFL-bound 
LGG-1 (Figure 5J), indicating that the W-site of LGG-1 is more 
plastic than that of LGG-2. In the LGG-1 W-site, Phe104 is adja- 
cent to Gly18, while in LGG-2, Phe118 is adjacent to a more 
bulky amino acid, Val30, which more severely restricts the 
conformation of Phe118 (Figure 5J). Thus, the W-site of LGG-1 
can accommodate more divergent aromatic residues than that 
of LGG-2. In the case of the L-site, most of the constituent resi- 
dues differ between LGG-1 and LGG-2 (Figure 5L). Thus, the 
L-sites differ in size and shape, which explains their different 
preference for Leu and Val at the “+3” position in the LIR 
(Figure 5F). 

Phe360 of the UNC-51 LIR (°°®FTFL) forms hydrophobic inter- 
action with Tyr25 and Leu50 of LGG-1 (Figure 5I), suggesting that 
LGG-1 can accommodate a hydrophobic residue at the “+2” po- 
sition of the LIR. However, isothermal titration calorimetry (ITC) 
assays showed that an R28C mutation in LGG-1 weakened the 
affinity with UNC-51 LIR and SQST-1 LIR1, even though they 
have a hydrophobic residue at the “+2” position (Figures 5M, 
S5E, and S5F). Since Arg28 forms an electrostatic interaction 
with the carboxy terminus of Leu361 (Figure 5I), Arg28 may 
contribute to LIR binding by recognizing its main-chain if an 
acidic residue is absent at the “+2” position. Gln37 in LGG-2, 
corresponding to Tyr25 in LGG-1, does not favor binding of a hy- 
drophobic residue at the “+2” position. The ITC data showed 
that LGG-1 has ~10- and ~40-fold higher affinity than LGG-2 
to FVLY- and FTFL-containing peptides while it has only 2-fold 
higher affinity than LGG-2 to WEEL- and FSDV-containing pep- 
tides (Figures 5M, S5E-S5G, and S51). 

The EEEWEEL peptide has much higher affinity than WEEL to 
both LGG-1 and LGG-2 in ITC assays (Figure 5M, S5G, and 


S5H), indicating that the N-terminal extension of WXXL is also 
important for the interaction. In the structure of EEEWEEL-fused 
LGG-2, the EEEWEEL moiety is bound to the binding pockets of 
another LGG-2 molecule in an intermolecular manner (Fig- 
ure S5D), which is similar to the structure of LIR-fused LC3 (Su- 
zuki et al., 2014). The N terminus of WEEL is surrounded by four 
basic residues, Arg20, Arg21, Arg59, and Lys61 (Figure 5k), 
which may recognize acidic residues in the N terminus of the 
LIR. Indeed, Arg21 forms a direct ionic interaction with Glu at 
the “—2” position of EEEWEEL,and Glu at the “—1” position is 
close to Arg59 (Figures 5K and S5J). In contrast, when the 
UNC-51 LIR is bound to LGG-1, no ionic interaction is observed 
and instead one hydrogen bond is formed between Lys48 and 
the main-chain of Thr356 at the “—2” position of the LIR (Fig- 
ure 5l). How LGG-1, which has no equivalent of Arg20 and 
Arg21 in LGG-2, recognizes acidic residues in the N-terminal 
LIR extension remains unknown. Asn9, Lys13, Lys46, and Lys 
47 might be candidates for this interaction. Deleting the N termi- 
nus of LGG-1 greatly impaired its binding with interacting pro- 
teins (Figure S5K). LGG-2 with a deletion of the N-terminal two 
a helixes also showed greatly reduced binding to SQST-1(418- 
499), but binding to LGG-3 and ATG-16s was not severely 
affected (Figures SSL and S5M). Therefore, the N-termini of 
LGG-1 and LGG-2 contribute differentially to substrate binding. 
Thus, the differences in the hydrophobic pockets and surround- 
ing regions in LGG-1 and LGG-2 are responsible for their binding 
specificity to interacting proteins. 


Formation of LGG-2 Puncta Is Regulated by LGG-1 
Compared to LGG-1 puncta, far fewer LGG-2 puncta were de- 
tected in wild-type embryos at the 64- to 200-cell stage, and 
LGG-2 puncta were separable from LGG-1 puncta and SEPA-1 
puncta (Figures 6A-6D and SGA). Formation of LGG-2 puncta 
required the activity of atg-3, atg-7, atg-5, and atg-16 s (Figures 
S6B-S6E). Loss of /gg-7 activity dramatically increased the num- 
ber of LGG-2 puncta that were separable from SEPA-1 aggre- 
gates (Figures 6E and S6F). In epg-3, atg-2, and epg-6 mutants, 
LGG-2 formed enlarged punctate structures that colocalized 
with LGG-1 and also with SQST-1 aggregates (Figures 6F, 
S6G, and S6H). Simultaneously depleting /gg-7 in epg-6 mutants 
resulted in the formation of small protein aggregates that are 
separable from LGG-2 puncta, suggesting that LGG-1 is 
required for the recruitment of LGG-2 to protein aggregates (Fig- 
ure 6G). In epg-5 mutants, LGG-2 puncta accumulated and co- 
localized with LGG-1 (Figures 6H and S6J). The lipidated form of 
GFP::LGG-2, like LGG-1-PE, was detected in the membrane 
fraction but not the soluble fraction of embryonic extracts (Fig- 
ure S6l), indicating that lipidated LGG-2 and LGG-1 are mem- 
brane-associated. 

In an in vitro reconstitution assay, LGG-1/-2~ATG-7 and LGG- 
1/-2~ATG-3 intermediates were visible (Figure 6l). Compared to 
LGG-2, LGG-1(G116), in which LGG-1 ends with the glycine at 
position 116, was more efficient at forming an intermediate 
with ATG-7 (Figure 6J) but was less efficient at forming an inter- 
mediate with ATG-3 (Figure 6K). The lipidation-resistant mutant 
LGG-1(A116), in which the C-terminal glycine residue is mu- 
tated to Ala, still formed intermediates with ATG-7, but not with 
ATG-3 (Figures 6J and 6K). Incubating ATG-7 and ATG-3 with 
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Peptide name Sequence LGG-INT — LGG-1R8C #*LGG-2WT **L_GG-2RR20.21AA 
Canonical LIR WEEL 36.1 +6.2 800.0+119.7 76.9 + 5.7 N.D. 
Canonical LIR? EEEWEEL 1.2+0.1 20.0+2.1 5.6+0.7 TESA 
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Figure 5. LGG-1 and LGG-2 Bind to Interacting Proteins via the LIR Motif 

(A) Mutations in “°'DFVL in SQST-1(470-499) affect binding to LGG-1 and LGG-2 in a GST-pull-down assay. 
(B) Mutating “F” or “V” in ©4FSDV abolishes binding of SQST-1(610-630) to LGG-1. 

(C) Mutating “D,” “F,” and “I” in 24°DFQKI in SEPA-1(243-288) blocks its interaction with LGG-1 and LGG-2. 
(D) Mutations in the LIR motif °°’DFTFL impair binding of UNC-51(352-366) to LGG-1. 

(E) Mutations in the LIR motif ®’DTTFETL reduce binding of LGG-3 to LGG-2. 

(F) Sequence logo of LIR motifs that bind to LGG-1 and/or LGG-2 using WebLogo 3 (Crooks et al., 2004). 
(G) Mutating °°FETL to FVEV affects binding of LGG-3(87-101) to LGG-1 and LGG-2. 

(H) Mutating °°*FSDV to FVEV affects binding of SQST-1(610-630) to LGG-2. 

(I) Interactions between LGG-1 and the UNC-51 LIR peptide. Broken lines indicate possible hydrophilic interactions. Coloring is as in Figure 1A. 
(J) W-site structure in LGG-1-UNC-51, LGG-1-WEEL, and LGG-2-WEEL complexes. 


(legend continued on next page) 
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liposomes and ATP resulted in lipidation of LGG-1 and LGG-2, 
which had higher mobility in gel shift assays (Figure 6L). The lip- 
idation efficiency of LGG-1 and LGG-2 was similar under the 
conditions examined (Figure 6L). Lipidation of LGG-2 was unaf- 
fected by wild-type LGG-1 in this assay, but addition of LGG-1 
(A116) severely reduced LGG-2-PE formation (Figures 6M 
and 6N). 

We next examined whether levels of LGG-1 lipidation can 
regulate LGG-2 puncta formation. In embryos expressing 
Plgg-1::LGG-1(G116), both LGG-1-I and LGG-1-Il accumulated, 
and LGG-1 formed enlarged structures at the 100- to 200-cell 
stages (Figures 6O and 6P) (Wu et al., 2012). PGL granules and 
SQST-1 aggregates ectopically accumulated and colocalized 
with the enlarged LGG-1 puncta, which together disappeared 
at the comma stage and onward (Figures S6K and S6L). 
Plgg-1::lgg-1(G116) dramatically reduced the number of LGG-2 
puncta and also the number and intensity of LGG-2 puncta in 
epg-6 mutant embryos (Figures 6Q and 6R). In embryos ex- 
pressing Plgg-1::LGG-1(A116), LGG-1 was diffusely localized 
and a large number of SQST-1 aggregates accumulated (Figures 
S6M-S60). LGG-2 puncta formation in epg-6; Plgg-1::LGG-1 
(A116) embryos was completely suppressed (Figure S6P). In em- 
bryos expressing Plgg-2::LGG-2 or Plgg-2::LGG-2(A130), no 
SQST-1 aggregates accumulated, and the formation of LGG-1 
puncta was unaffected (Figures S6Q-S6S). These results sug- 
gest that LGG-1 regulates LGG-2 puncta formation. 


Lipidated LGG-1 and LGG-2 Show Distinct Membrane 
Tethering and Fusion Activities 

We further determined whether lipidated LGG-1 and LGG-2 
tether and/or fuse membranes in vitro. The lipidation process 
is mimicked by replacing the C-terminal glycine residue of 
Atg8/LC3 by cysteine, which is subsequently conjugated to a 
maleimide group that is attached to PE (PE™"*'""'2) jn liposomes 
(Figures S7A and S7B) (Weidberg et al., 2011, Nair et al., 2011). 
Vesicle tethering causes an increase in turbidity, which can be 
monitored by measuring light absorbance at 405 nm (Figure 7A). 
A fluorescence dequenching assay was used to determine 
fusion activity based on lipid mixing (Figure 7A). The donor ves- 
icles contain lipids labeled with nitrobenzoxadiazole (NBD) and 
rhodamine at quenching concentrations; fusion with the unla- 
beled acceptor vesicles leads to fluorophore dilution and de- 
quenching. We found that conjugated LGG-1 caused membrane 
tethering and fusion in a dose-dependent manner (Figures 7B 
and 7C). 5% PE™#®imide in liposomes was sufficient to trigger 
tethering, whereas at least 10% PE™#2!™I4° was needed for 
fusion mediated by LGG-1 (Figures S7C and S7D). A physiolog- 
ically relevant concentration of PE (20 mol %) was used for sub- 
sequent experiments. No fusion occurred if only the donor or 
acceptor vesicles contained PE™®®™ide (Figure S7E), indicating 
that fusion requires LGG-1 molecules on both fusing mem- 
branes, and is therefore of the homotypic type. We performed 


( 
(L) L-site structure in LGG-1-UNC-51 and LGG-2-WEEL complexes. 


an inner leaflet mixing assay to determine whether LGG-1 medi- 
ates hemi or full fusion (Xu et al., 2005). In this assay, the mem- 
brane impermeable reductant sodium dithionite is used to 
quench the NBD fluorescence of the outer leaflet (Figure S7F). 
The increase of NBD fluorescence caused by LGG-1-mediated 
fusion was still detectable when sodium dithionite was added 
but was ~50% lower than untreated samples (Figure S7G), sug- 
gesting that LGG-1 mediates full membrane fusion. 

We showed above that formation of the N-terminal closed 
conformation of LGG-1 depends on Trp3. Compared to wild- 
type LGG-1, mutant LGG-1(W3G, A4G) had slightly impaired 
tethering activity (~13.5% reduction) and moderately impaired 
fusion activity (~40.3% reduction) (Figures 7D and 7E). This indi- 
cated that the “C” form of LGG-1 is essential for membrane 
fusion. Mutating the two positively charged amino acids (Arg 
14 and Arg15) in the «2 helix of LGG-1 had a much more severe 
effect on membrane tethering (45.8% reduction) and fusion 
activity (87.3% reduction) (Figures 7D and 7E). A transgene ex- 
pressing mutant /gg-1(R14A, R15A) failed to rescue the auto- 
phagy defect in /gg-1(bp500) mutants (Figures 7F—7J). Mutating 
the charged amino acids Lys2 and Glu7 of LGG-1 had a very mild 
effect on tethering and fusion activity and only weakly reduced 
its rescuing activity (Figures S7H-S7J). 

Since recombinant full-length LGG-2 was prone to precipita- 
tion, we examined the tethering/fusion activity of LGG-2 using 
an N-terminal truncation (residues 16-130), which was functional 
in rescuing the autophagy defect in /gg-2 mutants (Figures 7K 
and S7L-S7N). Compared to LGG-1, LGG-2(Del-N15)@19°° dis- 
played weaker membrane tethering activity (Figures 7L and 
S7K). To confirm this difference, we performed a visual tethering 
assay by including a small amount of rhodamine-labeled PE in li- 
posomes (Figure 7M). Vesicles conjugated with LGG-1 formed 
big clusters (Figure 7N), whereas vesicles conjugated with 
LGG-2 yielded small dots (Figure 70). LGG-2 did not mediate 
membrane fusion under any of the conditions examined for 
LGG-1 (Figure 7P). The Arg10 and Arg11 in the «1 helix are 
important for the tethering and fusion ability of LC3 (Weidberg 
et al., 2011). Mutations of the corresponding residues in LGG-2, 
R20A, and R21A impaired its tethering ability (Figure 7Q). 
A transgene expressing mutant /gg-2(R20A, R21A) failed to 
rescue the /gg-2 phenotype (Figures 7K and S70), suggesting 
that tethering activity is important for /gg-2 function. 


Igg-2 Regulates Autophagosome Size during 
Embryogenesis 

Autophagosomes are barely detected in wild-type embryos. In 
embryos with a mutation in epg-5, which functions downstream 
of autophagosome formation, autophagosomes accumulated 
and their mean diameter was ~510 nm at the 64- to 100-cell 
stage (Figures 7R and 7T). In epg-5; Igg-2 double mutants, auto- 
phagosomes also accumulated, but the diameter was ~280 nm 
diameter at the same stage (Figures 7S and 7T). Thus, loss of 


K) Interactions between LGG-2 and the EEEWEEL peptide. Broken lines indicate possible hydrophilic interactions. Coloring is as in Figure 1B. 


(M) Kg (uM) values of LGG-1 and LGG-2 with different peptides determined by ITC assays. * Y is added to the N terminus to quantify the concentration using A280. 
** MBP tag is fused to the C terminus of LGG-2. N.D. means that the interaction was too weak to determine the Kg. 


See also Figures S4 and S5. 
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Figure 6. Formation of LGG-2 Puncta Is Regulated by LGG-1 

(A-D) In wild-type embryos, LGG-2 forms fewer puncta than LGG-1 and does not colocalize with LGG-1 ([C] and [D]). (A) DAPI image of the embryo in (B)-(D). 
(E) Loss of Igg-7 function increases the number of LGG-2 puncta that are separable from SEPA-1 aggregates. (A)-(E) show ~64-100 cell embryos. 

(F) LGG-1 and LGG-2 form enlarged clusters and colocalize in epg-6 mutants. 

(G) SEPA-1 and LGG-2 puncta are separable in /gg-1; epg-6 mutant embryos. 

(H) LGG-1 and LGG-2 puncta accumulate and colocalize in epg-5 mutant embryos. 

(I) Purified LGG-1 or LGG-2 forms intermediates with ATG-7 and ATG-3 in the presence of ATP. 

(J and K) Quantification of intermediates formed by LGG-1(G116), LGG-1(A116), or LGG-2 with ATG-7 (J) and ATG-3 (K) relative to free ATG-7 and ATG-3. Values 
are the means of three independent experiments. Error bars indicate SD. 

(L) Lipidation of LGG-1 or LGG-2 that was co-incubated with ATG-7, ATG-3, and liposomes. High-mobility bands are lipidated LGG-1 and LGG-2. 

(M and N) Lipidation of LGG-2 in the presence of an equal amount of GST, LGG-1(G116) or LGG-1(A116). 

(O and P) LGG-1 forms enlarged clusters in ~100- to 200-cell stage embryos expressing /gg-1(G176). (O) DAPI image of (P). 

(Q) In epg-6 mutant embryos expressing Plgg-1::lgg-1(G116), the number and intensity of LGG-2 puncta is greatly reduced. 

(R) Number of LGG-2 puncta per focal plane in ~100- to 200-cell stage embryos. 

Scale bars: ([A]-[H] and [O]-[Q]) 5 um; (insets in [B]-[H]) 2.5 um. See also Figure S6. 
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Igg-2 activity does not block formation of autophagosomes but 
reduces their size. 


DISCUSSION 


Role of LGG-1 and LGG-2 in the Aggrephagy Pathway 
We show that /gg-2 is differentially involved in aggrephagy in a 
manner dependent on both the cargo type and developmental 
stage in C. elegans (Figure 7U). LGG-1 and LGG-2 may act coor- 
dinately to determine cargo selectivity and degradation effi- 
ciency in aggrephagy. Different protein aggregates vary in their 
size, aggregation state and in their interactions with ATG pro- 
teins, many of which bind differentially to LGG-1 and LGG-2. Ag- 
gregates of SEPA-1 and EPG-2, but not SQST-1 and EPG-7, are 
observed in early embryos. EPG-7 directly interacts with a vari- 
ety of autophagy proteins (Lin et al., 2013), which may bypass 
the requirement for LGG-2 in degradation. LGG-1-PE and 
LGG-2-PE on the autophagic precursor membrane may tether 
the cargo/receptor complex to the membrane to facilitate engulf- 
ment. In /gg-1(6p523) mutants, in which the binding of LGG-1 
with interacting proteins is impaired, LGG-1 puncta are sepa- 
rable from protein aggregates. Levels of lipidated LGG-1 are 
tightly controlled to ensure effective progression of autophagic 
flux. Excess lipidated LGG-1 in embryos expressing LGG-1 
(G116) mediates the formation of enlarged protein aggregates, 
which impede the degradation process. The removal of larger 
or more abundant cargoes during embryogenesis may also be 
impaired by the small autophagosomes in /gg-2 mutants. 

LGG-1 and LGG-2 interact differentially with Atg proteins. 
LGG-1 binds to components of the UNC-51/EPG-1 complex. 
Loss of function of unc-57 and epg-7 impairs the association 
of EPG-7 with SQST-1 and also with ATG-9 during C. elegans 
embryogenesis (Lin et al., 2013), suggesting that recruitment of 
the UNC-51/EPG-1 complex by LGG-1 regulates cargo seques- 
tration as well as autophagosome formation. LGG-2 binds to 
LGG-3 and ATG-16. In /gg-2 mutants, lipidation of LGG-1 is un- 
affected and LGG-1 still forms puncta. Thus, LGG-2 is unlikely to 
recruit the LGG-3-ATG-5/ATG-16 complex to facilitate LGG-1 
lipidation and puncta formation. LGG-2-PE on the convex face 
of the IM may form a membrane scaffold with LGG-3-ATG-5/ 
ATG-16, which has been suggested to mediate expansion of 
IMs and tight wrapping of the membrane around the cargo (Kauf- 
mann et al., 2014). Differential interaction of LGG-1 and LGG-2 
with different Atg proteins ensures the ordered recruitment of 
Atg proteins to allow them to function at different steps of the 
autophagy pathway. 


Binding of LGG-1 and LGG-2 to the LIR Motif 

LGG-1 and LGG-2 bind to the [W/F/Y]ox,.4X,2[I/L/V],.3 LIR motif. 
Acidic residues (Glu or Asp) are preferred in the positions sur- 
rounding the aromatic residue. The aromatic and [I/L/V].3 resi- 
dues in LIR are positioned in the characteristic “W-site” and 
“L-site,” respectively. The acidic residues adjacent to LIR form 
electrostatic interactions with Arg residues at the N-termini of 
LGG-1 and LGG-2, such as Arg28 in LGG-1 and Arg21 in 
LGG-2. The acidic residues at the N terminus of the LIR motif 
in mammalian p62 also form ionic interactions with Arg10 and 
Arg11 in LC3 (Birgisdottir et al., 2013). Ser or Thr residues are 


frequently present at the “—1,” “—2,” or “—3” position. Phos- 
phorylation of optineurin at Ser directly preceding the LIR en- 
hances its interaction with LC3B (Wild et al., 2014). 

LGG-1 and LGG-2 bind differentially with autophagy sub- 
strates and Atg proteins. Binding specificity is determined by 
the residues both within and surrounding the LIR. Distinct from 
LGG-1, Atg8, and LC3 family members, LGG-2 prefers Phe as 
the aromatic residue in LIR, because its W-site is less flexible. 
The structure of the L-site pocket differs in LGG-1 and LGG-2, 
and the N-terminal arms of the two proteins exhibit distinct 
modes of interaction with the residues preceding the aromatic 
residue in LIR. The residues involved in substrate binding in 
LGG-1 and LGG-2 are conserved in the GABARAP and LC3 fam- 
ilies, respectively. Thus, the specificity of LGG-1 and LGG-2 
characterized in this study should apply to GABARAP and LC3 
family members in other organisms. The presence of multiple 
Atg8 homologs greatly expands the selective interaction 
network that provides specificity for cargo and ATG protein 
recruitment. 


Membrane Tethering and Fusion Activity of LGG-1 and 
LGG-2 

Atg8-PE conjugated to liposomes has membrane tethering 
activity at physiologically relevant PE concentrations, but hemi- 
fusion is observed only at a relatively high PE level (65%) (Naka- 
togawa et al., 2007; Nair et al., 2011). Another study showed 
that GATE-16, Atg8, and LC3, when anchored to the membrane 
by PE™eimide mediate membrane fusion when the total PE 
content is 35% (Weidberg et al., 2011). The difference could 
be due to the amount of maleimide-lipid and the lipid composi- 
tion of the tested liposomes. We showed that at a physiologi- 
cally relevant PE level (20%), LGG-1 possesses tethering and 
fusion activity, while LGG-2 possesses only weak tethering 
but no fusion activity. 

These differences appear to result from the unique N-terminal 
regions of LGG-1/GABARAP and LGG-2/LC3/Atg8. The hydro- 
phobic amino acid Trp3 in GATE-16 and LGG-1, which is 
required for the C-form conformation, is essential for lipid mixing 
activity (Weidberg et al., 2011), suggesting that the C-form is 
related to membrane fusion activity. The two basic amino acids 
in the «2 helix in LGG-1 are also required for tethering and fusion. 
The tethering and fusion activity of LGG-1-PE appear to mediate 
formation of enlarged and clustered LGG-1 puncta and protein 
aggregates in atg-2, epg-3, epg-4, and epg-6 mutants (Tian 
etal., 2010; Lu et al., 2011). LGG-1 lipidation acts at the most up- 
stream step in the aggrephagy pathway (Lu et al., 2011), which 
masks its role in later steps of autophagosome formation, such 
as autophagosome closure, a process known to be regulated 
by GATE-16 in mammalian cells (Weidberg et al., 2010). LC3, 
Atg8, and LGG-2 have an open conformation at the N terminus, 
and they all control autophagosome size (Xie et al., 2008; Weid- 
berg et al., 2010). LGG-2 and Atg8 show negligible fusion activity 
but have tethering activity, which is mediated by the N-terminal 
two basic residues (Arg10 and Arg11) of LC3 and the equivalent 
residues of LGG-2 (Arg20 and Arg21) (Weidberg et al., 2011). The 
tethering activity of LGG-2 is essential for its function, but its role 
in IM expansion is unknown. SNARE proteins are also involved in 
autophagosome biogenesis such as Atg16L1_ precursor 
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Figure 7. Lipidated LGG-1 and LGG-2 Show Distinct Membrane Tethering and Fusion Activities 
(A) Illustration of the liposome tethering and fusion assays. 
(B and C) LGG-1°"'®° was incubated with 2 mM liposomes containing 20% PE™@*'™¢°, Light scattering (B) and lipid mixing (C) were examined at 37°C. 
(D and E) The tethering (D) or lipid mixing (E) activity of mutant LGG-1. 20 1M of LGG-1°116° and mutant LGG-1 were used. 
(F-J) Accumulation of SEPA-1::GFP aggregates in /gg-7 mutant embryos (F) is suppressed by a transgene expressing wild-type /gg-7 (G), but aggregates are still 
abundant in mutants expressing /gg-1(W3G, A4G) (H) and /gg-1(R14A, R15A) (I). Quantification of SEPA-1::GFP aggregates is shown in (J). 
(K) Number of SQST-1::GFP aggregates in /gg-2 mutants carrying a transgene expressing /gg-2, Igg-2(Del-N15), or Igg-2(R20A, R21A). 
(legend continued on next page) 
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homotypic fusion (Nair et al., 2011; Moreau et al., 2011). The 
tethering and fusion activity of ATG8 family members may act 
coordinately with SNARE proteins to mediate distinct steps of 
membrane expansion and closure. 

The differential and non-redundant function of Igg-1 and Igg-2 
in autophagy provides insights into the distinct function of 
GABARAP and LC3 subfamily members in autophagy in 
mammalian cells. It has been largely assumed that during multi- 
cellular organism development, an autophagy gene is equally 
employed for removal of distinct cargo at different develop- 
mental stages (Zhang and Baehrecke, 2015). Our study demon- 
strates that an autophagy gene can exhibit temporal-specific 
and cargo-specific functions to accommodate the characteris- 
tics of different types of cargo and distinct developmental stages 
during multicellular organism development. 


EXPERIMENTAL PROCEDURES 


Identification of Igg-1 and Igg-2 Mutants 

Animals carrying the sepa-1::9fp (bpls131) or sqst-1::gfp (bpls151) reporter 
were treated with ethyl methanesulfonate. Embryos derived from F2 animals 
were screened for aggregate accumulation. /gg-1(bp500) and Igg-1(bp523) 
accumulated SEPA-1::GFP aggregates in late-stage embryos. /gg-2(bp556) 
and Igg-2(bp595) accumulated SQST-1::GFP aggregates in embryos. 


In Vitro Pull-Down Assays 

cDNAs encoding full-length, fragments, or mutants of various proteins were 
cloned into pGEX-6p-1 (for GST tagging), pET-28a (for His tagging), pET- 
21b (for His tagging), or pMal-C2X (for MBP tagging). GST fusion proteins im- 
mobilized on glutathione Sepharose beads were incubated with His-tagged 
proteins and then washed five times. Bound proteins were analyzed by west- 
ern blot with anti-His antibody. 


In Vivo Coimmunoprecipitation Assays 

Extracts of embryos carrying gfp::!gg-1, gfp::lgg-2 or epg-1::gfp were immu- 
noprecipitated with primary antibodies and incubated with 40 ul protein G Se- 
pharose beads. Rabbit IgG or anti-SEA-2 antibody was used as control IgG. 
After extensive washes, the immunoprecipitates were subjected to western 
blot with appropriate antibodies. 
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